Abstract. calculation of the primary inductive converter with magnetic core is problematic because of the difficulty in determining the various fluxes inside and outside the magnetic core. observance of certain requirements for structural and scheme-related decisions makes is possible to substantially simplify theoretical expressions for description of work in such type of converters. The paper presents problems in the theory, design, and schematic layout of universal surface sensor with magnetic core, used for controlling wall thickness in tubular conductive products. The proposed construction of the sensor will allow using it to control wall thickness in a wide assortment of pipes.
Introduction
Among the variety of converters, the sensors with ferromagnetic core having air gaps are often used. changes in magnetic flux in the gap contain information about physical properties, thickness, and chemical composition of the product. The main advantage of these converters is their high sensitivity because the magnetic flux, which is concentrated in the gap, can reach significant values compared to the flows in other surface sensors for the same values of the exciting ampere-turns.
calculation sensor without a magnetic core for the measurements of the characteristics of products at various configurations was considered in a number of papers [1, 2] . however, the results of these calculations for all practical purposes are difficult because the output signals of these converters have multiparameter information related not only to the measured characteristics of the products, but also to interfering factors, among which the main is air gap between the sensor and the product.
The change in the relative location of the sensor and the product has a significant effect on the output signals of converters. This fact substantially complicates the control.
calculation of the primary inductive converter with a magnetic core is problematic because of the difficulty in determining the various fluxes inside and outside the magnetic core. calculation is even more complicated when taking into account nonlinear character of magnetizing material of the magnetic core.
There are some calculation models [2] for such sensors, which to some extent take into account these factors, however, the final expressions of these works are so bulky that it is still far from practical application in the real conditions of production. it should be noted that the existing converters with a magnetic core are useful for the control of products of only one size. observance of certain requirements for structural and scheme-related decisions makes it possible to substantially simplify theoretical expressions for description of work in such type of converters. This is very important because the results of this theoretical substantiation can be applied to a universal sensor, which is used because of the design possibilities for research of the products of various configurations.
The paper presents problems of the theory, design, and schematic layout of universal surface sensor with a magnetic core, used for controlling the wall thickness in tubular conductive products.
The theory of the converter operation
let us consider the inductive converter with open magnetic core to measure wall thickness in tubular products. sensitivity of one sensor to the measured parameter is low. Two identical sensors were included in the differential scheme to increase the sensitivity and they were powered by the generator G ( fig. 1 ). operating os and compensating cs sensors have two identical magnetizing and measuring coils, which are placed on the magnetic cores with gaps. operating sensor is mounted on a test product TP, and compensating sensor is mounted on an exemplary product eP. The magnitude of the current in the magnetizing circuit is regulated by the resistance R c and measured by the ammeter РА. The different signal of the electromotive force E is measured by the voltmeter Pv. sign of the product's increment thickness is determined using a phase-sensitive voltmeter. Figure 2 shows the location of magnetic cores of the operating and compensating sensors on the tubular product. designations are given:
, and
-instantaneous values of fluxes in the test product, in the layer of air behind the product, and the scattering; Φ Φ Φ -instantaneous values of fluxes in the exemplary product, in the layer of air behind the product, and the scattering; a and a 1 -thickness of the layer of the product and the air behind it, which limits the corresponding fluxes; a -change in thickness of the product; the signs  correspond to a decrease and an increase in thickness of the product; b -thickness of the magnetic core; c -the distance between the poles of the magnetic core; d -width of the pole of the magnetic core. Φ + Φ is the effective flux of the compensating sensor. We have made the following assumptions. effective magnetic flux will be determined by the magnetic resistance of the gap, rather than resistance of the magnetic core because the air gap in the magnetic core is comparatively great. Besides the efficient flux, there are the fluxes of scattering, which are mutually compensated in differential mode of sensors. We assume that almost all the efficient fluxes are limited by the size of width of the pole of the magnetic core d = a + a 1 . This is confirmed by experimental and theoretical data.
expression for the instantaneous value of the difference emF in the secondary windings sensor has the form:
Because the operating and compensating sensors are identical and included on the differential scheme, it can be assumed that the scattering fluxes are the same 
( )
H 0 -the average intensity of magnetic field in the air gap of sensor; μ 0 -magnetic constant (4π • 10 -7 h/m); μ r -the relative magnetic permeability of product; ω -the cyclic frequency;
-the depth of penetration of magnetic field in product; σ -the specific electric conductivity of material of product.
These ratios are received on the condition of equality of the relative magnetic permeability (μ r = 1) and the conductivities of materials of the test and the exemplary products.
-----it can be done in practice by means of selection of exemplary products for the value σ, corresponding specific electrical conductivity of the test product. if the dimensions of the product are large enough, then both sensors can be placed on it, but thickness of the product at location of the exemplary sensor must be known.
using the results of work [3], the expression for the average value of magnetic field in the air gap of the sensor is obtained 
I m -the value of current in magnetizing circuit. substituting the values of magnetic fluxes (2-5) in expression (1), the formula for instantaneous value of the difference emF has the form: 
expressions (7-9) become considerably simpler, provided ∆а/δ<<1, that corresponds to little changes of thickness of test product compared to exemplary product or low frequencies of supply current.
in this case, the expression for effective value of the difference emF takes the form [3]
The quantity  calculated from the following relations, with decreasing thickness of the test product in relation to the exemplary product:
with increasing thickness of the test product in relation to exemplary product:
Experimental research
in order to determine the characteristics of the surface converters with magnetic core, experiments were carried out on tubular products.
For the measurement of increments in the product thickness, the sensors were used with the following parameters: W 1 = 810; W 2 = 4000; d = 14×10 -3 m; c = 14×10 -3 m; and b = 19.8×10 -3 m. measurements were done at the value of the magnetizing current 0.08 А. The average tenseness of magnetic field was 4963 А/m.
The samples were tubular products of duralumin alloy with the value of the electrical conductivity 1.72×10 7 s/m. The tubular products had an outer diameter of D = 0.146 m.
With decreasing thickness of the test product in relation to the exemplary product, the thickness of the product was equal to 10 -2 m and changed to the value ∆а, which equalled 0.5×10 -3 m; 10 -3 m; 1.5×10 -3 m; 2×10 -3 m ; 2.5×10 -3 m; 3×10 -3 m. With increasing thickness of the product in relation to the exemplary product, ∆а changed to the same value and thickness of the product a = 6×10 -3 m.
The calculated curves of the output signal of the thickness of the tubular product during operation at 50 hz, and the experimental results are shown in figure 3 . curves 1 are calculated for the case of decrease in the thickness of the test products in relation to the exemplary product, curves 2 -are calculated for the case of increase in the thickness of the test products in relation to the exemplary product To determine the thickness of cylindrical products, magnetic converters are made as a package of ferromagnetic plates that are free to move before contact with the surface of the test product [4] . Figure 4 shows an electromagnetic converter with W-shaped magnetic core located on the cylindrical surface of the product. The sensor consists of a magnetic core 1 which is made as a packet of ferromagnetic plates, excitation coil 2, measuring coil 3, nonmagnetic metal plate 4, and clamping bolts with nuts 5.
The converter is installed on the test product, magnetic plate is adjusted to ensure its strip takes the form of the surface of the product, after which the plates of the magnetic core are fixed with coupling bolts and nuts. Figure 5 shows a photo of sensors on the test object. for tubular products are 3.3%. The proposed construction of the sensor will allow for using it to control wall thickness in a wide assortment of pipes.
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